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Abstract 
The resistance of concentrated, aqueous piperazine (PZ) to thermal degradation is a critical characteristic that recommends PZ as a 
solvent for amine based absorption/stripping for CO2 capture from coal fired flue gas.  Seven structural analogs of PZ were thermally 
degraded in an effort to discover the structural reasons for the enhanced resistance of PZ.  Four comparisons are developed that look 
at the effect of changing heteroatoms (PZ, piperidine (PD), and morpholine (Mor)), ring size in monoamines (pyrrolidine (Pyr), PD, 
and hexamethyleneimine (HMI)), ring size in diamines (PZ and homopiperazine (HomoPZ)), and methyl substitution (PZ, 1-
methylpiperazine (1-MPZ), and 2-methylpiperazine (2-MPZ)).  In 6-member heterocycles with one amino function, both Mor and 
PD had decreased degradation rates compared to PZ, likely because the additional amino function in PZ enhances nucleophilic attack 
reactions.  In monoamines, the expected chemical stability predicted for 5-, 6-, and 7-membered alkane rings closely predicted the 
thermal degradation rates of these heterocycles.  Both Pyr and HMI were degraded quickly producing polymers while the 6-
membered PD was stable.  Increasing the size of the PZ ring by the addition of one methylene group greatly enhanced the thermal 
degradation rate.  HomoPZ loss 99% of its initial concentration after 4 weeks at 175 °C while PZ lost only 30%.  Methyl substitution 
increased the rate of amine degradation as both 1-MPZ and 2-MPZ degraded faster than PZ at 150 °C.  Unexpectedly, a methyl on 
the amino group (1-MPZ) enhanced degradation more than a methyl on the carbon in the α-position to the amino group (2-MPZ).  An 
apparent first order rate constant was calculated for the thermal degradation of these structural analogs and compared to other amines 
of interest in CO2 capture. 
 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Concentrated piperazine (PZ) has been demonstrated as an effective solvent for CO2 capture using an amine-based 
absorption/stripping process [1].  Previous work has concluded that concentrated PZ has fast CO2 absorption rates, high 
CO2 capacity, low volatility, and limited degradation under absorption/stripping process conditions [1-3].  All of these 
characteristics are highly desirable for potential CO2 capture solvents.  The drawbacks to a concentrated PZ system are 
high viscosity, high potential amine cost, and the possibility for solid precipitation. 
One of the most important advantages of concentrated PZ over other well-studied, baseline alkanolamine solvents 
such as monoethanolamine (MEA), 2-amino-2-methyl-1-propanol (AMP), or methyldiethanolamine (MDEA) is its 
exceptional resistance to thermal degradation.   PZ has been found to be resistant to degradation up to 150 °C, well 
above the standard stripper operating conditions [3].  At higher temperatures, PZ begins to degrade at rates similar to 
alkanolamines at temperatures between 100 and 135 °C. 
The goal of this study was to elucidate structural reasons for the resistance of PZ to thermal degradation.  PZ is 6-
membered ring with two secondary amino functions.  Six-membered cyclic alkanes are known to be stable due to 
minimized angle or torsional strain and six-member heterocycles, such as PZ, would benefit as well [4].  PZ does not 
have an alcohol function, which is known to enhance thermal degradation through well know pathways [5-7].  It is also 
lacking any steric hindrance from alkane or hydroxyl groups on the amine or α-carbon that would interfere with 
reactions at the position of the amino function.   
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Thermal degradation of seven structural analogs of PZ was performed to determine the structural characteristics that 
provide thermal resistance.  The structures of the eight amines, piperazine (PZ), 1-methylpiperazine (1-MPZ), 2-
methylpiperazine (2-MPZ), piperidine (PD), morpholine (Mor), pyrrolidine (Pyr), hexamethyleneimine (HMI), and 
homopiperazine (HomoPZ), are shown in Figure 1.  The structures are arranged to demonstrate the comparisons 
developed in this paper.  The effect of changing a secondary heteroatom, ring size in monoamines, ring size in 
diamines, and methyl substitution are each analyzed using thermal degradation data of the amines indicated in Figure 1.   
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Figure 1: Structures of Amines Investigated in Thermal Screening 
2. Methods and Materials 
2.1. Chemicals and Solution Preparation 
Piperazine (PZ, IUPAC name: 1,4-diazacyclohexane, CAS 110-85-0, 99% purity, Sigma-Aldrich Corportation, St. 
Louis, MO), 1-methylpiperazine (1-MPZ, CAS 109-01-3, >99%, Acros Organics N.V., Geel, Belgium), 2-
methylpiperazine (2-MPZ, CAS 109-07-9, ≥99% purity, AK Scientific Inc., Mountain View, CA), homopiperazine 
(HomoPZ, CAS 505-66-8, 98% purity, Acros Organics), pyrrolidine (Pyr, CAS 123-75-1, >99% purity, Sigma-
Aldrich), piperidine (PD, CAS 110-89-4, 99% purity, Sigma-Aldrich), hexamethyleneimine (HMI, IUPAC name: 
Azepane, CAS 111-49-9, 99% purity, Acros Organics), morpholine (Mor, CAS 110-91-8, 99% purity, Sigma-Aldrich), 
and carbon dioxide (CO2, CAS 124-38-9, 99.5% Purity, Matheson Tri-Gas, Inc., Basking Ridge, NJ) were obtained 
commercially at the indicated purities. 
Amine solutions were prepared gravimetrically as detailed previously using analytical grade water [1, 3].  CO2 gas 
was sparged through aqueous amine and H2O solutions using a gas washing bottle until the desired CO2 concentration 
was achieved gravimetrically.  Solutions were prepared with amine concentrations of 8 molal (m, mole amine per 
kilogram water) and CO2 concentrations (CO2 loading) of 0.3 mole CO2 per mole alkalinity, where alkalinity is defined 
as the concentration of amino functions at 8 m amine.  A mortar and pestle was used to crush 2-MPZ into manageable 
pieces and heat was used to melt HomoPZ before each was mixed with water.  PZ, 2-MPZ, and HomoPZ solutions 
required slight heating before CO2 addition to completely solubilize the amine.  The remaining amines are liquids at 
room temperature and miscible with water. 
2.2. Total Alkalinity and CO2 Concentration 
The total alkalinity was measured using an acid titration described in detail previously [1, 3, 8].  Experimental 
samples are titrated to an end point pH of 2.4 using 0.1 N H2SO4 and a Titrando automatic titrator (Metrohm, 
Riverview, FL).  Multiple equivalence points were detected and the equivalence point near a pH of 3.8-4.0 
corresponded to the total amine concentration for PZ and PZ derivatives.  The volume of acid used to reach this 
equivalence point was used to calculate the total moles of alkalinity present in each sample.  The alkalinity was only 
assumed to correlate with the total amine concentration in the initial sample.  After degradation, deviation was seen 
between the amine concentration quantified through cation ion chromatography and the total alkalinity. 
The CO2 loading, or CO2 concentration, was confirmed using a total inorganic carbon (TIC) assay that has been 
described previously [1, 3, 8].  Phosphoric acid is used to liberate CO2 from solution while an infrared detector (Horiba 
Instruments Inc., Spring, TX) is used to quantify CO2 concentration.  A calibration curve generated from an inorganic 
carbon standard (Ricca Chemical Company, Pequannock, NJ) was used to calculate CO2 concentrations. 
2.3. Thermal Degradation in Stainless Steel Cylinders 
Thermal degradation experiments took place in cylinders constructed from (1/2)-inch OD 316 stainless steel tubing 
and two Swagelok® end caps (Arthur Fluids System Technologies, Austin, TX) as described previously [3, 5].  Amine 
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solution was used to fill multiple cylinders, allowing less than 0.5 mL of headspace, which were then sealed, and placed 
in forced convention ovens maintained at the experimental temperature.  Sampling of an experiment occurred by 
removing a single cylinder from the oven at the designated time point. Amine losses are reported as the percent of 
amine lost compared to the initial amine concentration as analyzed using cation ion chromatography. 
2.4. Cation Ion Chromatography (IC) 
Cation Ion Chromatography (IC) was used to identify and quantify amines in solution as previously described [3, 9, 
10].  A Dionex ICS-2500 Ion Chromatography System with AS40 autosampler, LC25 chromatography oven, CD25 
conductivity detector, and GP50 gradient pump was used (Dionex Corporation, Sunnyvale, CA). The mobile phase 
contained varying concentrations of methanesulfonic acid in analytical grade water. Separation occurred in an IonPac 
CG17 guard column (4×50mm) and IonPac CS17 analytical column (4×250 mm). The system contained a 4-mm 
Cationic Self-Regenerating Suppressor (CSRS) to remove anionic species before cationic species are detected with the 
CD conductivity detector.  Chromeleon software on the attached computer analyzes the conductivity output and 
controls the entire system. The cation IC was used to quantify PZ, 1-MPZ, 2-MPZ, HomoPZ, Pyr, PD, HMI, Mor, 
ethylenediamine (EDA), and other amine degradation products. 
2.5. Anion Ion Chromatography (IC) and Detection of Amides 
Anion IC was used to identify and quantify negatively charged degradation products in solution. A Dionex ICS-3000 
modular Dual Reagent-Free IC (RFIC) system with AS autosampler, EG40 Eluent Generator, SP/DP Dual Pump, and 
DC Detector/Chromatography Module was used (Dionex Corporation). The mobile phase contained varying 
concentrations of potassium hydroxide in analytical grade water generated from the EG40 Eluent Generator.  Separation 
occurred in an IonPac AG15 guard column (4×50mm) and IonPac AS15 analytical column (4×250 mm).  The system 
contains a 4-mm Anionic Self-Regenerating Suppressor (ASRS) to remove cationic species before anionic species are 
detected with a conductivity cell.  Two carbonate removal devices, a Continuously Regenerated Anion Trap Column 
(CR-ATC) and Carbonate Removal Device (CRD), are in place to remove excess carbonate species from the samples.  
Chromeleon software on the attached computer analyzes the conductivity output and controls the entire system. The 
anion IC was used to quantify formate, acetate, glycolate, oxalate, and sulfate in this study. 
Amides were quantified by hydrolysis to their corresponding amine and carboxylic acid as described previously [3, 
9]. Experimental samples were hydrolyzed with 5N sodium hydroxide at a one-to-one ration (by mass) and allowed to 
react for at least 24 h to ensure complete reversal of amide formation. Amide reversal in neat solutions occurs rapidly, 
in less than four hours, so experimental samples were assumed to be completely treated within 24 hours.  Hydrolyzed 
samples were analyzed for anion concentrations where the increase in concentration over the original samples 
represents the acid portion of the original amide (i.e., formyl or oxalyl compounds).  The total formate is reported 
throughout this manuscript at it refers to the sum of the formate and formyl amides, or the total formate concentration 
after alkaline treatment. 
3. Results and Discussion 
3.1. Effect of Heteroatom in 6-Membered Rings (PD, PZ, and Mor) 
The effect on thermal degradation of changing the heteroatom in a six-member ring containing one amino function 
was investigated by degrading PD, PZ, and Mor at 175 °C.  This analysis compares the degradation rate achieved when 
the methylene group in the 4 position on PD is changed to an 
amino group (PZ) or oxygen (Mor).  The fraction of the initial 
amine remaining after 10 weeks of degradation at 175 °C is 
shown in Figure 2.  For all three amines, total formate was a 
dominant degradation product and is shown in Figure 3.  For 
PZ and PD, the standard deviations in the total formate 
concentration are not visible in Figure 3 but were 
± 3.6 mmol/kg at 5 weeks and ± 1.4 mmol/kg at 6.1 weeks, 
respectively.  
Mor and PD both degraded more slowly than PZ.  These are 
the first amines to be found to be more thermally resistant than 
PZ although Mor has been previously identified as thermally 
stable [5].  The presence of a second amino function in the 6-
member ring appears to increase the degradation rate of PZ.  
Table 1:  pKa Values at 298 K 
Molecule pKa,1 pKa,2 Ref 
PD 11.22 - [11] 
PZ 9.71 - 9.73 5.33 - 5.41 [12-14] 
Mor 8.36 - [15, 16] 
Pyr 11.12-11.27 - [11, 17] 
HMI 11.07 - [18] 
HomoPZ 
a
 10.09 6.67 [16] 
1-MPZ 9.14 4.63 [14] 
2-MPZ 9.57 5.24 [14] 
a Values listed for HomoPZ are at 303 K 
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The presence of multiple amino functions allows for more nucleophilic attack within the solutions, increasing 
degradation.  This is especially important since PZ is unique in that even when PZ has reacted with CO2 to form 
protonated PZ (H
+
PZ) and PZ carbamate (PZCOO
-
), there is another amino group that can be an attacking nucleophile 
or be subject to nucleophilic attack.   
The pKa values for the amines studied in this paper are shown in Table 1.  The pKa values reported for PD, PZ, and 
Mor in Table 1 indicate that PZ has an intermediate base strength with PD having the highest pKa for the amino group.  
From the low pKa value of Mor, it was expected that it would act as a weak attacking group and have a lower 
degradation rate than PZ.  Although PD has a higher pKa than PZ, indicating it is a stronger base, the higher degradation 
rate in PZ is likely just due to the additional amino function available for nucleophilic attack reactions whereas PD has a 
portion of its molecules tied up as protonated PD (H
+
PD) and PD carbamate (PDCOO
-
) after reaction with CO2. 
 
Figure 2: Amine loss in thermal degradation of 6-membered 
rings with varying heteroatoms at 175 °C 
Figure 3: Production of total formate in thermal degradation 
of 6-membered rings with varying heteroatoms at 175 °C 
3.2. Effect of Ring Size in a Monoamine (Pyr, PD, and HMI) 
The effect of ring size on thermal degradation of a monoamine was investigated by degrading Pyr, PD, and HMI at 
175 °C.  The fraction of the initial amine remaining after 10 weeks at 175 °C is compared in Figure 4.  In Figure 4, the 
standard deviation for the Pyr and HMI experiments were ± 0.003 and ± 0.005 mmol/kg, respectively at 6.1 weeks, but 
are not visible.  For all three amines, total formate was one of the dominant degradation product identified and the 
concentration is compared in Figure 5.  On Figure 5, the standard deviation for Pyr and PD data were also not visible in 
the figure but were ± 0.68 and ± 1.42 mmol/kg, respectively at 6.1 weeks. 
The most thermally stable amine of the three, as expected, is PD.  PD is a six membered ring analogous to PZ with 
one amino group replaced with a methylene group.  The saturated nature of all three of these molecules lends itself to 
instability compared with their saturated and aromatic counterparts, and the effect of ring size differentiates the amines 
further.  Both Pyr and HMI degrade faster than both PD and PZ at the experimental temperature.  It is well known that 
5- and 7-membered rings are not as stable as 6 membered rings and the thermal stability of these amines follows suit.  
Comparing the simplest cyclic alkanes, cyclopentane, cyclohexane, and cycloheptane, cyclohexane is considered to be 
free of strain while the cyclopentane and cycloheptane have 6.2 and 6.1 kcal/mol of torsional strain, respectively [4].  In 
amine heterocycles, the 7-membered HMI appears to be the least stable, losing nearly all the initial amine after one 
week of degradation compared to only 55% and 8% loss of Pyr and PD, respectively.   
The production of total formate (Figure 5), a major degradation product for all three amines, does not track with the 
amount of amine lost for each.  PD produced the most formate while the least amount of amine was lost.  HMI 
produced more formate than Pyr, despite losing more amine overall.  Degraded solutions of both Pyr and HMI were 
found to contain polymeric substances.  This was not observed in PD or PZ.  The mechanism for thermal degradation is 
certainly quite different from previous amines studied, especially MEA and PZ, and the presence of polymeric 
substances after degradation does not lend itself for further study in the field of CO2 capture.   
The difference in the ratio of formate produced to amine lost indicates stark differences in the mechanisms 
responsible for amine loss and formate production in each case.  In PD, the ratio of total formate produced for amine 
lost is approximately 0.15 at the final time point while that of Pyr and HMI were 0.03 and 0.04, respectively.  The 
mechanisms for HMI and Pyr degradation appear vastly different than that of PD and proceed to the generation of 
polymers while PD degradation likely proceeds similar to PZ with oxidation/reduction reactions or nucleophilic attack 
and substitution reactions.   
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Figure 4: Amine loss in thermal degradation of monoamines 
at 175 °C 
Figure 5: Production of total formate in thermal degradation 
of monoamines at 175 °C 
3.3. Effect of Ring Size in a Diamine (PZ and HomoPZ) 
The effect of ring size on thermal degradation of a diamine was investigated by thermally degrading PZ and 
HomoPZ at 175 °C.  The loss of amine and production of total formate is shown in Figures 6 and 7.  In the PZ data set, 
the standard deviation of the total formate at 5 weeks is ± 3.6 mmol/kg, but is not visible in Figure 7.  HomoPZ 
degrades rapidly in comparison with PZ, losing essentially all the initial amine within 4 weeks at this temperature.  PZ 
has lost only about 30% of the initial amine after the same amount of time.  For the production of degradation products, 
total formate is a dominant product for both amines.  PZ produces nearly twice as much as the maximum formate 
concentration in HomoPZ.  In HomoPZ, formate appears to be an intermediate because it is initially produced and then 
reacts away, reaching its maximum concentration after 1 week.  All previous work on PZ showed steady increases of 
total formate, indicating it was a final product of degradation [3]. 
The addition of one methylene group to a PZ molecule (HomoPZ) weakens the structure and the thermal resistance 
seen in PZ is lost.  The degradation also proceeds through a different mechanism, as demonstrated by the presence of 
formate and formyl amides as intermediates, rather than final products.  Although there are few data points in the region 
where HomoPZ is initially being degraded, the data indicates that the reaction is not first order in amine, as has been 
hypothesized for PZ thermal degradation [3]. 
  
Figure 6: Amine loss in thermal degradation of diamines at 
175 °C 
Figure 7: Production of total formate in thermal degradation 
of diamines at 175 °C 
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3.4. Methyl Substituted PZ (PZ, 1-MPZ, 2-MPZ) 
The effect of methyl substitution on the thermal degradation of PZ was investigated by degrading PZ, 1-MPZ, and 2-
MPZ at 150 °C.  The presence of the methyl group at either the 1 or 2 position was assessed through the loss of amine 
and the generation of degradation products.  The fraction of initial amine remaining after 30 weeks of degradation at 
150 °C is shown below in Figure 8.  The standard deviation for the fraction of amine in the PZ and 2-MPZ experiments 
at 14 weeks are not visible in Figure 8 but were both ± 0.007.  A common degradation product between the three 
amines was the production of formate and formyl amides.  The total formate is compared in Figure 9.  The standard 
deviation for the total formate concentration in the PZ and 2-MPZ experiments at 14 weeks were also not visible and 
are ± 5.8 and ± 0.9 mmol/kg, respectively. 
The addition of a methyl group at either the 1 or 2 position on the molecule decreases the thermal resistance of the 
PZ molecule.  Both 1-MPZ and 2-MPZ shown enhanced degradation rates compared to PZ at 150 °C. Unexpectedly, 1-
MPZ degraded faster than 2-MPZ, indicating the presence of a methyl group directly on the amino function enhanced 
degradation.  Secondary amines (PZ and 2-MPZ) are considered, in general, to be stronger bases than tertiary amines 
(1-MPZ) and this is demonstrated by the lower pKa values in 1-MPZ shown in Table 1.  The pKa values for 2-MPZ 
shown in Table 1 indicate that the presence of a methyl group on the carbon α to the amino function has reduced the 
basicity of the molecule only slightly compared with PZ.  Resistance to thermal degradation appears to be positively 
associated with increasing base strength as with these three amines.  The lower pKa values found in 1-MPZ predict 
faster degradation while the higher pKa of 2-MPZ and PZ correspond to decreasing degradation rates. 
  
Figure 8: Amine loss in thermal degradation of methyl 
substituted PZ at 150 °C 
Figure 9: Production of formate in thermal degradation of 
methyl substituted PZ at 150 °C 
3.5. Summary of Results 
 In order to summarize the thermal degradation data presented in this paper, a rate constant, k1, has been calculated 
for each amine based on the change in amine concentration with respect to time.  It is clear from the degradation 
profiles shown in previous sections that all the amines discussed here do not follow first order kinetics in amine loss, as 
PZ has be hypothesized to do [3].  However, in an attempt to compare the amines on the same basis, an apparent first 
order rate constant was calculated for each amine.  For PZ, PD, Mor, 1-MPZ, and 2-MPZ, a first order loss of amine 
was assumed and k1 was calculated from all the data shown as described previously [3].  For Pyr, HMI, and HomoPZ, 
where amine loss is initially drastic and certainly not first order in amine, the initial rate demonstrated after 1 week of 
degradation was used to calculate a k1.   
A summary of the calculated k1 values for thermal degradation are compared for the amines discussed in this 
manuscript in Table 2.  Previously reported data for PZ degradation at 135 °C is included [3].  Values of k1 for other 
amines that are of interest to CO2 capture applications are also included in Table 2 for comparison purposes.  Data for 
7 m MEA, 7 m AMP, 7 m Diglycolamine
®
 (DGA
®
), 7 m N-(2-hydroxyethyl)piperazine (HEP), and 7 m 
diethylenetriamine (DETA) were reported previously by Davis (2009) [5].  Data for ethylenediamine (EDA) and 2-
piperidineethanol (2-PE) were reported previously by Shan (2010) and data for MDEA and the blend of MDEA and PZ 
were reported previously by Closmann (2009) [19, 20].  Data for thermal degradation of MAPA were obtained from 
unpublished work of Vevelstad (2010) [21]. Amines are listed in Table 2 in the approximate order of decreasing 
resistance to thermal degradation. 
Mor and PD were the only amines found to have slower degradation rates, and therefore lower k1 values, than PZ at 
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175 °C.  Pyr, HMI, and HomoPZ all had higher k1 values than PZ at 175 °C, while HMI had the highest k1 calculated 
thus far at that temperature.  At 150 °C, 1-MPZ and 2-MPZ were found to have similar k1 values that were both 4-6 
times higher than that of PZ.  PZ and its methyl substituted analogs, 1-MPZ and 2-MPZ, all had lower k1 value than 
both AMP and MEA.  The k1 values for MEA and AMP were found to be at least 2.3 and 22 times higher, respectively, 
than the next closest PZ-based amine at 150 °C, 1-MPZ. 
Table 2: Apparent first order rate constant for thermal degradation of potential CO2 capture amines 
Solvent 
Amine 
(m) 
CO2 Loading 
(mol/mol alk) 
k1 (10
-9
 s
-1
) 
135 °C 150 °C 175 °C 
Morpholine (Mor) 8 0.3 - - 50 
Piperidine (PD) 8 0.3 - - 84 
Piperazine (PZ) 8 0.3 1.2 6.1 140 
2-Methylpiperazine (2-MPZ ) 8 0.3 - 25 - 
1-Methylpiperazine (1-MPZ) 8 0.3 - 36 - 
Pyrrolidine (Pyr) 8 0.3 - - 1000 
b
 
2-Amino-2-methyl-1-propanol (AMP) 7 0.4 21 86 - 
Methyldiethanolamine (MDEA)/PZ Blend 7/2 0.1 21/190
 a
 88/1021
 a
 - 
Homopiperazine (HomoPZ) 8 0.3 - - 1300 
b
 
Hexamethyleneimine (HMI) 8 0.3 - - 1700 
b
 
Diglycolamine
®
 (DGA
®
) 7 0.4 35 - - 
N-(2-Hydroxyethyl)piperazine (HEP) 7 0.4 46 - - 
Methyldiethanolamine (MDEA) 7 0.1 55 - - 
2-Piperidineethanol (2-PE) 8 0.4 80 293 - 
Monoethanolamine (MEA) 7 0.4 134 807 8500 
c
 
Ethylenediamine (EDA) 8 0.4 168 - - 
3-(Methylamino)propylamine (MAPA) 9 0.4 313   
Diethylenetriamine (DETA) 7 0.4 991 - - 
a Rates provided are for each of the amines in the blend, respectively 
b k1 values for Pry, HomoPZ, and HMI were estimated from the initial rate after one week of degradation 
c First order rate constant is estimated for 7 m MEA at 175 °C from lower temperature data 
4. Conclusions 
The resistance to thermal degradation demonstrated by PZ has been further explored by investigating the thermal 
degradation characteristics of its structural analogs.  In a 6-membered heterocycle with one nitrogen, the presence of 
carbon, nitrogen, or oxygen as the second heteroatom affected the degradation rate at 175 °C.  Oxygen as the second 
heteroatom (Mor) had the lowest degradation rate.  Nitrogen as the second heteroatom (PZ) had a higher degradation 
rate compared to both carbon (PD) and oxygen (Mor).  PD and Mor are the only amines that have ever showed a lower 
degradation rate than PZ.   
In 5-, 6-, and 7-membered rings with one amino function, as in Pyr, PD, and HMI, the degradation rate was lowest in 
the 6-membered PD at 175 °C.  This was expected with the reduced torsional strain and overall stability of 6-membered 
rings, which is believed to extend to heterocycles.  Between Pyr and HMI, The 5-membered Pyr was shown to be more 
stable than the 7-membered HMI.  The generation of total formate, one of the major degradation products for all three 
did not track with the degradation, indicating that different mechanisms are responsible for the degradation of each 
amine.  Polymeric substances were found in degraded Pyr and HMI indicating the mechanism for amine loss in these 
solutions is likely the production of polymer in alkaline conditions. 
Increasing the size of the PZ ring by one methylene group greatly increased the thermal degradation rate at 175 °C.  
HomoPZ lost 99% of its initial amine after 4 weeks, while PZ lost only 30% during the same time.  The 7-membered 
heterocyclic HomoPZ is much less stable compared to the 6-member heterocyclic PZ. 
Methyl-substituted PZ displayed unique behavior during degradation at 150 °C.  Attaching a methyl group at the α-
position to the amino group (2-MPZ) accelerated degradation compared to PZ.  The presence of the methyl group on the 
amino group (1-MPZ) greatly accelerated the degradation compared to PZ and even more than 2-MPZ.  The addition of 
the methyl group directly to the amino function (1-MPZ) provides the lowest pKa values for the tertiary amine 
compared with the other two secondary amines and the fastest degradation rate. 
The comparison of apparent k1 values between amines provides a way to generalize high temperature degradation on 
a similar basis.  Mor, PD, and PZ are highly resistant amines that can survive temperatures well above normal stripper 
operating conditions.   2-MPZ, 1-MPZ, AMP, MDEA/PZ, DGA
®
, HEP, MDEA, and 2-PE are all moderately resistant 
to thermal degradation and allow for a variety of applications based on other valuable characteristics of each solvent.  
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Pyr, HomoPZ, and HMI degrade easily and the unique degradation mechanisms in each, including the production of 
polymeric products, do not lend themselves to CO2 capture.  MEA, EDA, MAPA, and DETA have been found to be the 
least thermally resistant amines and require low temperature applications in order to fully utilize the advantageous 
solvent characteristics of each.  
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